ABSTRACT. The aim of the present study was to investigate DNA damage in peripheral blood lymphocytes of breast cancer (BC) patients before and after administration of chemotherapy. We analyzed the frequency of sister chromatid exchange (SCE), occurrence of micronuclei (MN), and lymphocyte proliferation rate index (PRI) as cytogenetic markers in 28 female BC patients before and after chemotherapy, and in 20 age-matched healthy female volunteers. Prior to treatment, BC patients showed significantly increased background levels of SCE and MN, and lowered PRIs compared to healthy women. In comparison with pre-treatment levels, SCE and MN frequencies were significantly elevated and PRI reduced in blood samples collected after chemotherapy. Our findings indicate that SCE, MN, and PRI may serve as sensitive biomarkers for routine detection of the genetic abnormalities that may occur following administration of antineoplastic drugs in the clinical setting, as well as for the monitoring of high-risk patients receiving chemotherapy for BC.
INTRODUCTION
Breast cancer (BC) is a very common malignancy among women and is second only to lung cancer as the leading cause of cancer-related death (Ely and Vioral, 2007) . Moreover, BC is the most common cancer affecting women. Although epidemiological surveys in Western countries provide a good overview of the incidence and mortality rate associated with this disease, investigations in developing countries are very limited, despite the fact that the incidence of BC has dramatically increased in recent years (Tazzite et al., 2014) . Chemotherapy plays an important role in the management of patients with primary BC. The benefits of adjuvant chemotherapy have been well established in this context (Dignam, 2001; Acevedo et al., 2014) , with significant reductions in the risk of relapse and death having been observed in such patients.
However, a significant number of cancer patients develop secondary malignancies unrelated to the original neoplasia that may have arisen due to chemotherapy-induced genetic damage (Carbonell et al., 1996; Elsendoorn et al., 2001 ). Many types of DNA lesions occur in cells during cancer chemotherapy, which disrupts both neoplastic and non-neoplastic cells, inflicting cytotoxic and mutagenic damage on normal cells.
The frequency of sister chromatid exchange (SCE), the occurrence of micronuclei (MN), and the proliferation rate index (PRI) have been used extensively for cytogenetic examination of peripheral lymphocytes in determining the mutagenic effects of chemotherapeutic drugs (Raposa and Várkonyi, 1987; Digkas et al., 2010) . These measures are indicators of exposure to genotoxic chemicals and markers of genome instability and disease states (Carbonell et al., 1996; Kang et al., 1997; Dhillon and Dhillon, 1998; Atalay et al., 2000) .
The aim of the present study was to investigate the frequency of SCE and MN and lymphocyte PRI as cytogenetic markers in the peripheral lymphocytes of BC patients before and after adjuvant chemotherapy, and in 20 healthy women with no known family history of BC.
MATERIAL AND METHODS
A total of 28 non-smoking female BC patients having undergone surgery but having not yet received radiotherapy and chemotherapy, and 20 non-smoking healthy female control subjects residing in the same geographical area (southwest Turkey) were evaluated. The ages of participants were equivalent in the patient and control groups. Control subjects had not received medication for a long period prior to the study and had no family history of BC. Characteristics of the participants are summarized in Table 1 . BC patients received intravenously administered chemotherapy according to two main protocols: four cycles anthracycline (AC; 60 mg/m 2 Adriamycin and 600 mg/m 2 cyclophosphamide, cycles every 21 days) or four cycles AC (as above) + taxanes. Within the latter group, eight patients received four cycles AC + 12 weeks paclitaxel (80 mg/m 2 , cycles every week), while seven patients received four cycles AC + four cycles docetaxel (100 mg/m 2 , cycles every 21 days). SCE and MN frequency and PRI were determined using cultures of peripheral blood obtained from control (20 women), pre-treatment BC (1 h before administration of first chemotherapy cycle, 28 patients), and post-treatment BC (1 h after completion of chemotherapy cycle; Figures 1 and 2 ) groups. All subjects were informed of the aim and experimental details of the study and gave their informed consent for voluntarily participation. This investigation was also approved by the relevant research Ethics Committee.
Blood sampling
Peripheral blood was collected from patients before and after chemotherapy treatment and from age-and gender-matched healthy donors of a similar socio-economic status from the same region of Turkey. None of the participants reported a history of alcohol consumption, smoking, treatment with genotoxic medicines, genetic disorders, or any kind of cancer.
Blood culture, harvesting, and slide preparation were carried out according to an established protocol (Barch et al., 1991) , with some modifications. Heparinized whole blood was cultured in 4.7 mL RPMI1640 medium (BIO1-106-1B; Biological Industries, Cromwell, CT, USA) containing 20% fetal calf serum (BIO4-001-1B; Biological Industries), 2% phytohemagglutinin (BIO12-006-1H; Biological Industries), l-glutamine (BIO3-020-1B Biological Industries), and penicillin/streptomycin (BIO3-031-1B, Biological Industries). After 48 h of culture, 5-bromo-2'-deoxyuridine (BrdU; B5002; Sigma-Aldrich, St. Louis, MO, USA) was added at a final concentration of 10 µg/mL. Cultures were established in darkly stained flasks around which aluminum foil had been wrapped to protect them from light. Total culture time was 72 h, including treatment with 10 μg/mL colcemid (12-003-1C; Biological Industries) for the final 2 h. Cells were then exposed to a hypotonic solution of potassium chloride at 37°C for 10 min before being fixed in a methanol:glacial acetic acid (3:1) mixture and thoroughly washed in fresh fixative approximately three times. SCE staining was performed as previously described (Perry and Wolff, 1974) . Slides were stained with Giemsa stain in phosphate buffer, pH 7.0.
For MN analysis, whole-blood cultures were established as above, but without addition of BrdU. To obtain binucleated cells, 6 μg/mL cytochalasin B was added to each culture after 68 h. In all other respects, the procedure was the same as that used for measurement of SCE. Under 100X magnification, at least 1000 binucleate cells with well-preserved cytoplasms were scored for each patient. Micronucleus frequency was determined by counting the total number of MN in all binucleate cells and dividing this by the total number of such cells.
For analysis of lymphocyte PRI, fluorescence plus Giemsa-stained preparations were used, in which cells dividing for the first (M1), second (M2), or third time (M3) in a BrdU-containing culture were identified by differential sister chromatid staining. Briefly, M1 cells contained chromosomes with uniformly darkly-stained sister chromatids. M2 cells showed only harlequin chromosomes, each consisting of one darkly-and one lightly-stained chromatid, whereas M3 cells contained chromosomes in which both sister chromatids were uniformly lightly stained. Lymphocyte proliferation kinetics were studied on 100 differentially stained metaphases per blood sample. The PRI was calculated according to the formula: PRI = (M1+ 2M2+ 3M3) / 100, as reported by Lamberti et al. (1983) .
Statistical analyses
Statistical analysis was performed with the GraphPad InStat program (version 3; GraphPad Software, Inc., La Jolla, CA, USA). The Mann-Whitney U-test and Wilcoxon matched-pairs test were used for interpretation of results where appropriate. The level of statistical significance was defined as 0.05.
RESULTS
None of the study subjects were smokers, and the mean ages of the patient and control groups were similar (54.8 ± 12.5 and 57.3 ± 11.5 years, respectively, P = 0.4265; Table 1 ). The clinical and pathological characteristics of patients were taken into account in the analysis of SCE, MN, and PRI measurements. The mean values of these measures with respect to tumor stage and grade, lymph node involvement, histologic tumor type, and hormone receptor and c-ERBB2 status are shown in Table 2 . Tumor stage, histologic type, and receptor and c-ERBB2 status had no effect on SCE, MN, or PRI figures. *Data are reported as means ± standard deviation. The PRI and frequency of SCE and MN in lymphocytes from control subjects and preand post-chemotherapy BC patients are summarized in Table 3 . Mean SCE and MN frequencies were significantly higher in BC patients compared to controls (P < 0.0001 for both). These values also significantly increased following chemotherapy (P < 0.0001 compared to pre-treatment levels, for both). Mean PRI was significantly lower in patients compared to controls (P < 0.0001), and decreased statistically significantly after chemotherapy in the patient group (P < 0.0001 compared to pre-chemotherapy levels; Table 3 ).
*Data are reported as means ± standard deviation (and ranges).
a,b,c P < 0.0001, pre-chemotherapy breast cancer patients vs control group.
d,e,f P < 0.0001, pre-vs post-chemotherapy breast cancer patients. (28) 11.2 ± 2.1 (7.6-18.5) a,d 9.8 ± 4.5 (5-22) b,e 1.60 ± 0.1 (1.36-1.92) c,f Post-chemotherapy (28) 14.1 ± 3.9 (7.9-30.2) 15.4 ± 5.4 (6-28) 1.35 ± 0.2 (0.96-1.67) Control (20) 7.4 ± 2.6 (3.2-11.8) 3.9 ± 1.8 (1-8) 1.82 ± 0.2 (1.6-2.16)
Concerning the chemotherapy protocols used, the AC + taxanes group demonstrated higher mean SCE and MN frequencies and lower PRI values than the AC group. However, only MN measurements differed significantly in response to the AC + taxanesprotocol (Table 4) . Mean SCE, MN, and PRI values did not statistically differ between the two AC + taxanes subgroups (Table 4) . *Data are reported as means ± standard deviation. a P = 0.0474, anthracycline vs anthracycline + taxanes. Patients were followed-up for a mean of 38.89 ± 6.35 months after administration of chemotherapy. While 21 of 28 subjects did not develop metastasis, seven patients did, four of whom died as a consequence during the follow-up period. Mean SCE, MN, and PRI values following chemotherapy administration were compared in patients according to their metastasis status. Although a trend towards increased cytogenetic damage in patients without metastasis was observed, the values involved did not significantly differ between the two groups (Table 5 ).
*Data are reported as means ± standard deviation. 
DISCUSSION
In the present study, the extent of spontaneous chromosome damage in lymphocytes of BC patients and control subjects was examined. Basal levels of DNA damage in peripheral lymphocytes of untreated BC patients have been described previously (Cefle et al., 2006; Kopjar et al., 2007; Aristei et al., 2009; Santos et al., 2010; Çelik et al., 2013) . In these studies, such damage was found to be significantly higher in BC patients than in control subjects. Our results are consistent with these findings (Table 3) . We used PRI and SCE and MN frequency as markers of DNA modifications in peripheral blood lymphocytes of BC patients, finding all these measures to be sensitive gauges of damage. We observed an elevated background incidence of SCE and MN and altered proliferation kinetics in such cells in BC patients, suggesting increased susceptibility to genomic damage compared with healthy women.
Clinical, histologic, and biological factors such as grade, stage, and hormone receptor and c-ERBB2 status have an impact on tumor aggressiveness, response to chemotherapy, and survival in BC patients (Shet et al., 2007; Traoré et al., 2012; Han et al., 2015) . The influence of these clinicopathological features on DNA damage in BC patients has been examined in a prior study (Santos et al., 2010) . Tumor stage, hormone receptor status, c-ERBB2 protein expression, and lymph node involvement were observed to have no effect on levels of spontaneous DNA damage in lymphocytes of untreated BC patients. Similarly, neither these factors nor tumor histologic type significantly influenced SCE, MN, and PRI values among untreated BC patients in the present study (Table 2) . However, owing to the relatively small number of patients studied, these results require further investigation using larger patient groups.
At the time of intravenous chemotherapy application, most normal cells are in quiescent states, while most cancer cells are actively proliferating. Although the goal of chemotherapy is to remove the latter while sparing the former, some adverse effects on normal cells almost always occur. If the level of DNA damage induced by chemotherapy in non-target cells is too high, the affected cells will usually die by apoptosis. In surviving cells, unrepaired DNA will contribute to the appearance of SCE and MN, while the cytostatic effects of chemotherapy will lower the PRI. It is thought that the extent of genetic damage in surrogate cells, such as peripheral lymphocytes, correlates with similar events in the targeted tissues (Mourelatos, 1996) . Studies have revealed structural chromosomal damage in peripheral blood lymphocytes after chemotherapy in patients with various types of cancer (Xu et al., 1983; Bilban-Jakopin, 2000; Bilban-Jakopin and Bilban, 2001) . In the present study, the administration of chemotherapy was found to induce genotoxic damage in non-target cells of BC patients (Table 3) . Following such intravenous treatment, the frequency of SCE and MN in the peripheral blood lymphocytes of these patients increased with respect to pre-chemotherapy levels (P < 0.0001, for both). Moreover, in comparison to pre-treatment specimens, post-treatment blood samples showed significantly reduced PRI values (P < 0.0001; Table 3 ). Similar results have been obtained by others (Kopjar et al., 2007; Tekcan et al., 2012) .
The nature of the damage induced by in vivo exposure to chemotherapy is somewhat complex. Studies of genotoxic damage in patients treated with multiple cytotoxic drugs are difficult to interpret, as the contribution of each drug to the overall effect cannot be ascertained. Due to their divergent modes of action, the various classes of antineoplastic drugs are expected to cause different types of DNA lesions, and to varying extents. Other authors have also investigated the levels of DNA damage in peripheral blood lymphocytes of BC patients after chemotherapy (Kopjar et al., 2007; Tekcan et al., 2012) . For instance, Kopjar et al. (2007) recorded a significantly elevated SCE frequency and lowered PRI in peripheral blood samples collected following treatment. Patients received chemotherapy according to three standard protocols: cyclophosphamide + methotrexate + 5-fluorouracil; 5-fluorouracil + Adriamycin + cyclophosphamide (FAC); and AC, consisting of Adriamycin + cyclophosphamide. The FAC protocol was shown to be the most genotoxic of those studied (Kopjar et al., 2007) . Tekcan et al. (2012) also recorded a significantly augmented SCE rate in post-chemotherapy peripheral blood lymphocytes. In their investigation, patient groups were treated with AC, 5-fluorouracil + epirubicin + cyclophosphamide, or epirubicin + cyclophosphamide. However, no significant differences between these groups were observed in terms of SCE measurements.
Recommendations regarding the use of adjuvant chemotherapy for BC are based on risk to the individual patient and the balance between absolute benefit and toxicity. Anthracyclinebased regimens are preferred, and addition of taxanes has been shown to increase survival rate (Gonzalez-Angulo et al., 2007) . In the present study, all patients were treated with intravenously administered Adriamycin and cyclophosphamide, with some receiving paclitaxel or docetaxel in addition. The highest level of chromosomal damage was observed in patients having been treated with AC + taxanes protocols (Table 4) . Tekcanet al. (2012) previously demonstrated that the number of drugs used in a regimen has no effect on the level of DNA damage incurred. However, the increase in genetic abnormalities observed in our AC + taxanes group is not necessarily at odds with this finding. This result may not have been caused by the number of chemotherapeutic agents used, but rather suggests that particular drugs in an adjuvant chemotherapy protocol have greater effects than others on genetic integrity. Nevertheless, this may also be explained by an imbalance in the dosage of drugs used in adjuvant therapy, or many other factors. Further investigation is required to elucidate the precise mechanism involved.
The carcinogenic effects of antineoplastic drugs appear to be cumulative, and the number of chemotherapy cycles is a strong determinant of secondary cancer risk in patients. Levels of genotoxic damage in peripheral blood lymphocytes might reflect those sustained by other cells or tissues. Studies assessing the relationship between cytogenetic alterations in cancer patients after therapy and later onset of secondary tumors would be important in judging whether these biomarkers can be used to predict the long-term consequences of certain regimens, and thus influence the choice of treatment modality. Tekcan et al. (2012) showed that an increase in the number of chemotherapy cycles causes greater genome instability. Patients in their study underwent intravenous administration of two to six chemotherapy cycles. Higher numbers of cycles were found to increase genotoxic alterations. In the present investigation, patients underwent four cycles of AC or four cycles of AC + four cycles of docetaxel or 12 weeks of paclitaxel. The highest level of DNA damage was observed following administration of AC + taxane regimens (Table 4) . Although the effect of cycle number on genome alteration appears to be important, analyzing our current data in this respect is not feasible owing to the particular chemotherapy protocols used.
Concerning its response to chemotherapy, BC is a highly heterogeneous malignancy (Han et al., 2015) . Histopathology, enzyme polymorphisms (including those affecting glutathione S-transferases), and clinical features, including tumor grade and stage, hormone receptor status, and c-ERBB2 expression, are used to predict response to chemotherapy in BC patients (Colleoni et al., 2010; Han et al., 2015; Wang et al., 2015) . Although many of these factors have been shown to be imprecise in anticipating treatment outcome, it is not known whether genetic markers such as SCE, MN, and PRI affect clinical results in BC. We have provided data concerning the relevance of changes in these measures to patient outcomes. Seven study participants developed metastasis during a mean follow-up period of 38.89 ± 6.35 months, during which four patients died. DNA damage measurements did not significantly differ between patients with stable conditions and those with metastatic cancer (Table 5) . Further investigations involving large patient groups may revise this finding, and provide more informative results than those achieved with the relatively small number of patients in this study.
To conclude, this study proposes SCE and MN frequency and PRI to besensitive biomarkers for detection of the acute cytogenetic effects of antineoplastic drugs in peripheral blood lymphocytes of BC patients. These tests may be used for the cytogenetic biomonitoring of cancer patients. A more meaningful scientific interpretation of our results requires larger patient populations, and comprehensive and detailed investigations into the genotoxic side-effects of chemotherapeutic drugs.
